Inner ear hair cell loss is the most common pathology seen after ototoxic drug injury. While certain drugs such as aminoglycosides and cisplatin are well-known to have dramatic ototoxic effects, it is probable that there are other drugs that cause occult degrees of hair cell loss and lesser degrees of hearing loss. Anti-cancer drugs are particularly strong candidates due to their general cytotoxicity. We have screened a library of 88 anti-cancer drugs (National Cancer Institute Approved Oncology Drugs Set) for drugs that damage hair cells of the zebrafish lateral line. The screen identified four out of five known ototoxic drugs. The screen also identified four out of seven suspected ototoxic drugs (drugs that have isolated case reports of patients developing hearing loss after administration). Five additional drugs with no known ototoxicity were identified as potentially novel ototoxins. Additional dose-response curves were performed to evaluate relative toxicity. Since anti-cancer drugs are often used clinically in combination, we also performed dose-response curves for a variety of anticancer drug combinations and demonstrated synergistic toxicity in five out of ten drug combinations that we tested. These findings support the use of the zebrafish lateral line as a screening tool to detect ototoxic effects in drugs and also suggest that ototoxicity should be considered in terms of drug regimens rather than individual drugs.
INTRODUCTION
There is no standard screen for ototoxicity. When drugs are evaluated in clinical trials, attention is appropriately focused on larger organs (i.e., liver, kidney), rather than the tiny hair cells of the inner ear. Obviously, some drugs are found to induce hearing loss. These drugs are typically identified due to subjective patient complaints leading to more formalized investigation. However, for an ototoxic drug to garner enough attention, it must cause fairly consistent, significant auditory threshold shifts that are easily noticed by patients. Over the years, while many drugs are thought to be "potential ototoxins," there are very few well-established ototoxins outside of the aminoglycosides, loop diuretics, and platinum derivatives. It seems safe to assume, however, that these are only the most damaging ototoxins and that there are likely other drugs that cause lesser degrees of hearing loss that are not as easily detected.
Anti-cancer drugs, due to their general cytotoxicity and tissue penetration, are particularly likely to have ototoxic effects. However, it is important to note that hair cells of the inner ear are non-proliferating cells, and thus, the mechanism of hair cell injury may differ from the mechanism through which a drug causes other systemic toxicities (e.g., myelosuppression) or kills a cancer cell. A number of anti-cancer drugs, such as the platinum derivatives, nitrogen mustard, and vincristine, are known ototoxins (Cummings 1968; Stadnicki et al. 1975; Lugassy and Shapira 1990) . A literature search of additional anti-cancer drugs reveals numerous drugs with isolated reports of patients developing hearing loss after treatment (Tibaldi et al. 1998; Moss et al. 1999; Saito et al. 2001; Attili et al. 2008) . These case reports can be difficult to interpret because the patients are typically treated with multiple anti-cancer drugs, and thus, it is hard to attribute ototoxicity to a single drug or a combination of drugs. Phase I clinical trials for anticancer drugs designed to identify dose-limiting toxicities rarely if ever assess ototoxicity in heavily pre-treated cancer patients. While identifying ototoxic characteristics in anti-cancer drugs is unlikely to preclude usage, we have an obligation to the public to keep patients informed of the possible side effects of any drug used for treatment.
The zebrafish lateral line is a powerful system for identifying and evaluating drugs that damage mechanoreceptive hair cells, such as those in the inner ear of mammals (Ton and Parng 2005; Chiu et al. 2008 ). Due to the small size and optically clear body of larval zebrafish, hair cell damage can be rapidly assessed. In addition, due to the rapidity of experiments and high fecundity, zebrafish larvae are particularly valuable for thoroughly testing and modulating dose-response relationships. The zebrafish has been used effectively to examine hair cell toxicity and elucidate doseresponse relationships for aminoglycosides and cisplatin (Wiliams and Holder 2000; Harris et al. 2003; Ton and Parng 2005; Owens et al. 2009; Ou et al. 2007 ). In addition, it has been used to screen for toxicity to hair cells in a library of FDA-approved drugs and bioactives (Chiu et al. 2008) .
We have used the zebrafish lateral line to screen a library of 88 anti-cancer drugs (National Cancer Institute Approved Oncology Drugs Set) for hair cell toxicity. This collection of FDA-approved drugs contains a representative sample of older cytotoxic drugs as well as new targeted therapies. To improve the sensitivity of our screen in comparison to our previous toxicity screens (Chiu et al. 2008) , we screened the library at multiple drug concentrations and at multiple exposure durations. Screening in this fashion, we successfully identified four out of five known ototoxins and identified multiple other drugs as potential novel ototoxins. We further evaluated the anti-cancer drugs by testing common combinations of anti-cancer drugs and identified evidence of synergistic hair cell toxicity in five drug combinations.
METHODS
All zebrafish procedures described have been approved by the University of Washington Animal Care and Use Committee.
Animals
Zebrafish (Danio rerio) embryos of the AB wild-type strain were produced by paired matings of adult fish maintained at 28.5°C in the University of Washington zebrafish facility (Westerfield 2000) . Embryos were maintained at a density of 50 embryos per 100 mm 2 Petri dish in embryo media (1 mM MgSO 4 , 120 μM KH 2 PO4, 74 μM Na 2 HPO 4 , 1 mM CaCl 2 , 500 μM KCl, 15 μM NaCl, and 500 μM NaHCO 3 in dH 2 O). At 4 days post-fertilization (dpf), larvae were fed live Paramecia.
Labeling
For drug library screening, 5 dpf larval zebrafish were incubated with 2 μM YOPRO-1 (Invitrogen) in embryo medium for 20 min. Zebrafish were then rinsed three times in embryo medium. This protocol results in nuclear staining in the hair cells of the lateral line that is persistent for several hours.
Library
We screened a library of 88 anti-cancer drugs (National Cancer Institute Approved Oncology Drugs Set) available from the National Cancer Institute. The full listing of drugs tested is available from the National Cancer Institute (http://dtp.nci.nih.gov). The drugs are dissolved at 10 mM concentration in DMSO.
Screening
We previously demonstrated that ototoxic drugs can require anywhere from 30 min (neomycin) to 6 h (cisplatin) to cause appreciable hair cell damage in the zebrafish lateral line. To account for this variability, the anti-cancer drug library was screened at multiple concentrations and durations. The general zebrafish screening protocol has been described previously (Chiu et al. 2008) . Briefly, one YOPRO-1 labeled 5 dpf zebrafish was placed into each well of a 96-well optical plate (NUNC) with in 150 μL of embryo media. Drugs from the anti-cancer drug library were then added to the plate at 100 μM concentration. Zebrafish larvae were exposed to the drug library for 1 or 6 h (screened separately) and then anesthetized with MS222 and imaged by fluorescence microscopy to determine whether hair cells were lost or showed evidence of damage. Each screen contained eight negative controls (1% DMSO alone) and eight positive controls (100 μM neomycin). Three outcomes were possible from the screen: 
Dose-response testing
For drugs identified as potential ototoxic drugs from the initial screen and confirmatory retesting, doseresponse testing was performed. Five dpf zebrafish were exposed to the potential toxicant at 0, 10, 50, 100, 200, and 400 μΜ concentrations for 1 or 6 h (exposure duration matching duration used for screen that identified drug). Zebrafish were then fixed in 4% paraformaldehyde overnight at 4°C and then processed for immunohistochemistry and hair cell counts (see below).
Combination drug testing
To evaluate for possible synergistic effects, we tested common chemotherapeutic drug combinations that involved the "hits" identified by the screen. For combination drug testing, 5 dpf zebrafish larvae were exposed to two drugs simultaneously for 6 h. Zebrafish were then fixed in 4% paraformaldehyde overnight at 4°C and then processed for immunohistochemistry and hair cell counts. We purposely designed these combination regimens using relatively nontoxic individual doses of each drug, so that any synergistic effects would be easily identified.
Hair cell counts/immunohistochemistry
After fixation in 4% paraformaldehyde, zebrafish larvae were rinsed in phosphate-buffered saline (PBS) three times and then placed in blocking solution (1% Triton-X, 5% normal goat serum (NGS) in PBS) for 1 to 2 h at room temperature. Zebrafish were then incubated with anti-parvalbumin antibody (monoclonal, 1:400 in 1% Triton-X, 1%
NGS, in PBS) at 4°C overnight. Zebrafish were rinsed in 1% Triton-X in PBS (PBS-T) three times and then incubated in Alexa 488 goat anti-mouse fluorescent antibody (1:500, in 1% Triton-X, 1% NGS, in PBS) for 4 h. Following secondary antibody labeling, zebrafish were rinsed in PBS-T followed by PBS and mounted between two coverslips in Fluoromount-G (Southern Biotech, Birmingham, AL, USA) for imaging. Mounted specimens were examined using a Zeiss Axioplan II microscope using a FITC filter set at a final magnification of ×200 (Fig. 1 ). Hair cells from the SO1, SO2, O1, and OC1 neuromasts (Raible and Kruse 2000) were counted. Eight to 12 fish per dose were counted. Results were calculated as the mean hair cell survival as a percentage of the control (no drug).
Statistics
All values were calculated and presented as the mean value±1 SD. Statistical analyses were performed using one-and two-way ANOVA (VassarStats: http://faculty. vassar.edu/lowry/VassarStats.html). Results were considered statistically significant if pG0.05. Combination indices for drug combinations were calculated using CompuSyn (ComboSyn, Inc. Paramus, NJ, USA). Effective dose 50% (ED50) for dose-response curves was calculated using linear regression analysis using the least squares method with Microsoft Excel (Redmond, WA, USA). Note that linear regression models were found to fit the dose-response data better than non-linear models.
RESULTS

Screening results
As "proof of concept," we evaluated the ability of the zebrafish screening protocol to identify known and potential ototoxic drugs. We performed a PubMed search of all drugs in the Approved Oncology Drugs set and divided the drugs into three categories: (1) known ototoxins-drugs that are well established to cause hearing loss in humans; (2) suspected ototoxins-drugs that have isolated case reports of hearing loss in human subjects after administration, or small animal studies; (3) no known ototoxicity-drugs with no published reports of hearing loss in humans and no significant animal studies. Based on the three categories listed above, there were five known ototoxins, seven suspected ototoxins, and 76 drugs with no known ototoxicity ( Table 1 ). The screening protocol identified 13 out of the 88 drugs (15%) as "hits." Of these drugs, four out of the five (80%) known ototoxins and four out of seven (57%) suspected ototoxins were among the hits. Five out of the 76 (7%) remaining drugs with no known ototoxicity were identified as potential ototoxins. Drugs in the library that were not identified as toxic to hair cells are listed in Table 2 .
Carboplatin
Of the known, well-established ototoxins, carboplatin was the only anti-cancer drug not detected by our screening protocol. We sought to evaluate whether this "miss" was due to a deficiency of the screening protocol or some unique quality of carboplatin ototoxicity. Carboplatin did not cause significant hair cell loss at up to 1 mM concentration for 6 h. This is in contrast to cisplatin, which is known to cause near complete hair cell loss at 1 mM concentration after 6 h in the zebrafish lateral line (Ou et al. 2007 ).
Dose-response functions
We performed dose-response studies on the majority of the hits ( Fig. 2 ; vinblastine, exemestane, and nitrogen mustard were excluded from further testing due to safety and availability issues). Treatment with all of the tested drugs led to dose-dependent hair cell loss in the zebrafish lateral line which was statistically significant by one-way ANOVA (Table 3) . Raloxifene had the lowest ED50 of 12 μM, with hair cell survival decreasing from 100±10% to 60±11% after treatment with 10 μM raloxifene (higher doses were not testable due to lethality to the fish; pG0.01, one-way ANOVA). The tyrosine kinase inhibitor sunitinib had an ED50 of 28 μM, with hair cell survival decreasing from 100± 13% in the untreated control to 15±6% with 50 μM 
Combinations
Since anti-cancer drugs are generally given in combination, we investigated whether certain combinations of anti-cancer drugs (most involving cisplatin) demonstrated synergistic toxic effects on hair cells. Cisplatin combined with either vincristine, 5-fluorouracil, vinorelbine, doxorubicin, or etoposide and the combination of doxorubicin with vincristine are all commonly used chemotherapy drug combinations. In order to accentuate synergistic combination effects, we used relatively nontoxic concentrations of each individual toxicant. Ten different pairings of anti-cancer drugs were evaluated by dose-response analyses (Table 4) . Five of the ten combinations demonstrated synergistic toxicity to hair cells. In particular, doxorubicin, vincristine, and vinorelbine demonstrated markedly increased hair cell toxicity when combined with a relatively nontoxic low dose of cisplatin (pG0.001, two-way ANOVA; Fig. 3 ) with combination indices much less than 1, indicating a high degree of synergistic toxicity (Chou and Talalay 1984). The imatinib/cisplatin and vincristine/doxorubicin combinations also exhibited synergistic toxicity, although to a much lesser extent. Other combinations tested, such as the common chemotherapeutic regimen of cisplatin with 5-fluorouracil, did not demonstrate any synergistic hair cell toxicity (Table 4) .
DISCUSSION
Fine tuning the zebrafish hair cell toxicity screen both 1 and 6 h durations (independently). As expected, there were more hits (11) in the 6-h screen compared to the 1-h screen (five hits), with three drugs that were identified in both screens. It is notable, however, that the larger number of hits using the 6-h screen does not make the 1-h screen obsolete -some drugs are lethal to the zebrafish after 6 h and thus were identified as toxic to hair cells only in the 1-h screen. That being said, the success of the 6-h screen demonstrated the importance of screening at longer durations in future studies.
It is important to note that the mechanism of toxicity for an individual toxin may vary depending on exposure duration. In fact, Owens et al. (2009) demonstrated that different damage protocols/durations for individual aminoglycosides appeared to cause hair cell loss through different pathways. Based on this, longer duration screens (e.g., 12-or 24-h screens) might identify additional toxic drugs that require longer durations to cause damage. However, in our experience, the inability of 5 dpf zebrafish to survive for longer periods within 96-well plates limits the ability to test hair cell toxicity over longer durations in a toxicity screening protocol. Longer exposures can be done independent of a drug screen, as has been demonstrated effectively by Ton and Parng (2005) , and certainly have an important role for evaluating candidate ototoxins.
The zebrafish hair cell toxicity screen detects most but not all ototoxins Overall, the screen was successful at detecting four out of five known ototoxins and four out of seven suspected ototoxins. This rate of discovery is much higher than by chance (probability G0.001, chi-square analysis). It should be noted that most of the suspected ototoxins have only single case reports of hearing loss after administration of the drug, and in many cases, the anti-cancer drug was given in conjunction with other drugs. Thus, the three suspected ototoxins that were not detected may not be true "misses" since it is unknown whether they are truly ototoxic. Nevertheless, we were encouraged by the overall sensitivity of the screen to detect drugs that can affect hair cell survival. One should also note that in some cases, the screen identified drugs that only caused 20% hair cell loss at high doses. This finding also speaks to the sensitivity of the screen to detect even drugs that cause small degrees of hair cell loss. For some of these less toxic drugs, the extrapolated ED50 (Table 3) was outside the range of the actual tested doses. In these cases, the dose required to cause 50% hair cell loss would in fact be lethal to the zebrafish and thus was not testable.
Carboplatin
Carboplatin was the one well-established ototoxin that was not detected by the screen, and interestingly, our additional testing of carboplatin failed to demonstrate any hair cell toxicity in the zebrafish, even at high FIG. 2. Dose-response functions for anti-cancer drugs identified by toxicity screen. Dose-dependent hair cell loss was demonstrated for carmustine (A), cisplatin (B), dactinomycin (C), doxorubicin (D), imatinib (E), oxaliplatin (F), raloxifene (G), sunitinib (H), vincristine (I), and vinorelbine (J). Note that for some drugs, in particular carmustine, raloxifene, and sunitinib, fewer data points were obtained due to lethality to the fish at higher doses. Dose-dependent hair cell loss was statistically significant for all drugs (pG0.05, oneway ANOVA for carmustine and dactinomycin; pG0.01, one-way ANOVA for cisplatin, doxorubicin, imatinib, oxaliplatin, raloxifene, sunitinib, vincristine, and vinorelbine). All data points are the mean hair cell counts from seven to 10 fish. Error bars=SD. Note that for those combinations with combination indices ≫10, suggesting antagonism, this is likely not true antagonism but a result of the minimal toxicity of the individual drug   FIG. 3 . Dose-response functions for anti-cancer drug combinations. A Dose-response curves for doxorubicin alone and doxorubicin with 50 μM cisplatin. Adding a relatively nontoxic low dose of cisplatin results in a marked increase in doxorubicin toxicity, exceeding a simple additive effect (combination index ≪1). B Dose-response curves for vincristine alone and vincristine with 50 μM cisplatin. Vincristine alone had only a small amount of toxicity; however, addition of low dose cisplatin resulted in significant hair cell death (combination index ≪1). C Dose-response functions for vinorelbine alone and vinorelbine with 50 μM cisplatin. Vinorelbine alone demonstrates toxicity to hair cells. Addition of low dose cisplatin led to synergistic hair cell death (combination index ≪1). D Dose-response functions for 5-fluorouracil (5-FU) alone and 5-FU with 50 μM cisplatin. 5-FU alone was not toxic to hair cells, and addition of low dose cisplatin resulted in a minimal increase in hair cell death that was attributable to cisplatin alone. See Table 4 for combination indices for synergistic effects. All data points are the mean hair cell counts from seven to 10 fish. Error bars=SD.
oncology patients receiving carboplatin-containing regimens and found that the incidence of hearing loss in children receiving carboplatin alone was 4%, compared to 57% in children receiving cisplatin alone and 70% in children receiving both carboplatin and cisplatin. These findings are suggestive that carboplatin may have reduced ototoxicity compared to cisplatin, or that its ototoxicity may present primarily when combined with other anti-cancer drugs. We explored this possibility by testing for possible synergistic hair cell toxicity between cisplatin and carboplatin (Table 4 ) but found no synergistic interaction.
Drug classes among toxins-expected versus unexpected
Among the drug hits from the screen, a number of drug classes were identified ( Table 1) . As expected, cytotoxic drug classes such as platinum drugs, vinca alkaloids, and nitrogen mustard derivatives were identified as damaging to hair cells and have known mechanisms of action that would seemingly explain their ototoxicity. Other classes such as tyrosine kinase inhibitors and estrogen receptor blockers cause hair cell death through mechanisms that are unclear. These mechanisms of cell death could be explored by blocking the known pathways with which these drugs interact. However, it is well-known that drugs often have multiple targets, and as with other systemic toxicities, off-target activity may contribute to ototoxicity as well.
Combination toxicity to hair cells
Synergistic ototoxicity has been demonstrated previously between drugs such as loop diuretics and aminoglycosides (Santi et al. 1982) as well as drugs and noise (Li and Steyger 2009). Anti-cancer drugs are a particularly fertile ground for studying synergistic effects because these drugs are in general used in combinations of two to four drugs, and almost by definition often have some degree of cytotoxicity. We chose to utilize the theory and calculation of drug combination indices as described by Chou and Talalay (1984) as these concepts have not previously been applied to the study of synergistic hair cell toxicity. The combination index is broadly accepted as an effective method for analyzing drug combinations, particularly in the cancer literature. This index is calculated based on the median-effect equation and gives a quantitative number to define whether a drug combination is additive, synergistic, or antagonistic.
We found evidence of synergistic hair cell toxicity in five of the ten anti-cancer drug combinations. The combinations of cisplatin/vinorelbine, cisplatin/vincristine, and cisplatin/doxorubicin demonstrated significant synergistic toxicity to hair cells, with combination indices indicating strong synergism (combination index ≪1; Chou 2006). With these combinations, we found that combining doses of the drugs that individually caused no hair cell loss could cause significant hair cell death when used together. This finding may have important clinical implications.
Our current findings suggest that when considering the ototoxic potential of an anti-cancer drug, one cannot simply consider an individual drug in isolation but rather the patient's entire medication profile. A single anti-cancer drug alone may not be ototoxic, but the combination with other anti-cancer drugs may provide an additional hair cell insult that leads to significant hearing loss. This finding may help us to better understand why some cancer patients will develop severe hearing loss during treatment while others develop none. This may also have implications for non-cancer patients, particularly geriatric patients who are more likely to be treated with multiple drugs.
Regarding the ototoxicity screen in general, while the detection of occult ototoxic effects is unlikely to preclude clinical usage, it is important to fully inform patients of any potential toxicity that they may experience as a result of medical therapy. In addition, one could imagine using a simple test such as the zebrafish screen described here to evaluate novel experimental drugs for potential ototoxic effects, such that during clinical trials patients can be monitored with appropriate audiologic testing.
Caveats
While hair cells of the zebrafish lateral line are anatomically and physiologically similar to inner ear hair cells, fish are not humans and thus findings in fish do not prove ototoxicity in humans. Mammalian in vitro testing is also inadequate to prove ototoxicity as it lacks the benefit of being in a living organism yet retains many of the same caveats as the zebrafish lateral line (no compartmentalization of fluid spaces and direct exposure of drug to hair cell). Mammalian in vivo testing is required to truly establish that a drug is ototoxic. It is possible that many of these drugs have insignificant inner ear penetration and thus may have no ototoxicity when used systemically. In addition, it is possible that electrolyte concentrations within the endolymph may alter the sensitivity of hair cells to certain ototoxins, as has been demonstrated by Coffin et al. (2009) . Nevertheless, the effects of known ototoxins on the zebrafish lateral line hair cells, the recent growth of research validating the lateral line as a model for hair cell death, and the frequency of unexplained hearing loss during anti-cancer therapy are all suggestive that there may be similar findings in the mammal. Furthermore, many of these anti-cancer drugs are known to cross the blood-brain barrier and have good tissue penetration and thus have a higher likelihood of penetrating the inner ear. The versatility and low cost of the zebrafish lateral line screen for potential ototoxic side effects in drugs makes it possible to use this tool as a general screen for new agents and more importantly new combinations. Identification of potential ototoxicity could alert physicians to the possibility of hearing loss in their patients leading to more extensive audiology testing and prevention of permanent hearing loss.
